Time-resolved photoluminescence ͑PL͒ near 540 nm, taken from barium titanate ͑BaTiO 3 ͒ ultrafine powders of ϳ80, 90, and 110 nm in size, was measured at 11 K. Two-exponential functions were found to fit the decay curves well, and the decay lifetimes were composed of one short, about 10 ns, and one long, about 200 ns, time constants, respectively. Results also indicate that the PL peaks show a small blueshift with decreasing BaTiO 3 particle size. The decay process consists of the recombination of self-trapped excitons ͑long lifetime decay͒ and of the electrons in the surface states with the holes in the valence band ͑short lifetime decay͒. The short lifetime component makes comparable contribution to the decay intensity of PL with the long lifetime one.
I. INTRODUCTION
BaTiO 3 ͑BTO͒ is an incipient ferroelectric. It has been widely used in multilayer ceramic capacitors, 1 positive temperature coefficient thermistors, 2 and other electronic components. It can also be used as optical waveguide, as an alternative to LiNbO 3 , or as optical devices by doping with rareearth ions to take advantage of its electro-optical, photoluminescence, electroluminescence, and nonlinear optical properties. 3 With the miniaturization of electronic devices, ultrafine powders have been extensively investigated. Recently, ultrafine BaTiO 3 powders have been fabricated by sol-gel, hydrothermal, and other methods. [4] [5] [6] The photoluminescence ͑PL͒ properties of BaTiO 3 ultrafine powders have been observed by several authors. [7] [8] [9] A model of self-trapped exciton ͑STE͒ was suggested to account for the observed phenomena. This model, however, has not been experimentally confirmed yet, especially in terms of the time-resolved PL spectrum. It is well known that STE has been found in alkali halides, condensed rare gases, organic molecular crystals, some oxides and other chalcogenides, a few semiconductor alloys, as well as quasi-one-dimensional materials. 10 STE has some common features. As conventional excitons, STE represents the interaction of electron and hole with the deformable lattice that produces a relaxed configuration of the pair. STE has some off-center structure and is related to the vacancies in the alkali halides. The recombination of the electron and hole is a transient process, and its decay usually consists of a fast process ͑short lifetime͒ and one or more slow processes ͑long lifetime͒. The transient absorption spectrum of STE has a "tail," called Urbach tail. 11 On the other hand, luminescences from bulk BaTiO 3 and SrTiO 3 crystals after irradiation at low temperature were ascribed to the presence of self-trapped excitons within TiO 6 octahedra, 12 viz., Ti 3+ -O − STE. Therefore, it is worth studying the mechanism of PL in ultrafine powders and examining the relaxation process of STE by using timeresolved PL experiment. The time-resolved photoluminescence analysis is an effective method to address the excitation and recombination processes of electrons, holes, and excitons in the energy band gap of various semiconductors. [13] [14] [15] [16] In this work, hydrothermal method was employed to prepare uniform BTO powders; the time-resolved photoluminescence was used to examine the luminescence process in the ultrafine BTO powders.
II. EXPERIMENTAL PROCEDURE

A. Sample preparation
Barium acetate ͓Ba͑CH 3 COO͒ 2 ͔, tetrabutyl titanate ͓Ti͑OC 4 H 9 ͒ 4 ͔, and tetramethyl-ammonium hydroxide ͑TMAH͒ were used as the starting materials, de-ionized water, and ethanol as the solvents. In this study, 5 mol % excess Ba 2+ was added in order to avoid the formation of the Ti-rich phase in BTO. Barium acetate was firstly dissolved in deionized water. TMAH was then added slowly into the solution so as to let the final solution have a pH value over 13. After that, tetrabutyl titanate was added into the mixture and stirred for 10 min. The final precursor was poured into a Teflon cup inside the autoclave, and then the autoclave was placed in an oven and held at 120°C for duration times of 3, 5, and 12 h, respectively. The Teflon vessel had a volume of 50 cm 3 . The concentration of the BaTiO 3 precursor was fixed at 0.1-0.4M. After hydrothermal treatment, the supernatant solution was removed, and some acetic acid and boiled de-ionized water were added and stirred for about 30 min. Then the mixture was filtered with a rotary pump. Finally the wet powders were dried in an oven at 120°C for about 10 h.
B. PL measurement
For continuous wave ͑cw͒ PL measurements, the excitation source used was the 325 nm line of He-Cd laser ͑Kim-mon IK5352R-D͒ with a maximum power of 4 mW. A circularly variable-metallic neutral-density attenuator was used to obtain a gradient intensity of excitation light. The excitation light was modulated at 730 Hz using a mechanical chopper ͑Standford SR540͒. The emitted light from the samples was collected by a 25 cm focal-length double monochromator ͑Oriel 77225͒ and detected by a thermoelectrically cooled photomultiplier tube ͑PMT͒ ͑Hamamatsu R636-10͒. A 345 nm filter was used to block the excitation light. A lock-in amplifier ͑Stanford SR830͒ system was used to record the PMT signal that had been amplified by a low noise current-to-voltage preamplifier ͑EG&G Instruments 5182͒. For low temperature measurement, the samples were mounted in a liquid helium closed-cycle cryostat ͑Oxford CC1104͒ pumped by a cryodriver ͑Edwards 1.5͒. The temperature inside the cryostat could be adjusted from 10 to 300 K using the temperature controller ͑Oxford IT502͒. For the lifetime measurement, the 337 nm line of the nitrogen laser ͑Laser Science, Inc. VSL-337ND-S͒ was used as the excitation light. The pulse width is 4 ns. The decay spectrum was monitored by an HP 600 MHz oscilloscope.
III. RESULTS AND DISCUSSION
A. Morphology and structure Figure 1͑a͒ shows a field emission scanning electron microscopy ͑FESEM͒ image of the BTO powders hydrothermally treated for 12 h. Ultrafine BTO powders are spherical, nonagglomerated, and have a uniform particle size of about 110 nm. It was found that the BTO particle size increased from 80 to 90 and 110 nm when the treatment duration increased from 3 to 5 and 12 h. These powders are referred to as BTO-01, BTO-02, and BTO-03 in the text, respectively. Figure 1͑b͒ is a transmission electron microscopy image of BTO powders hydrothermally treated for 3 h, it further confirmed the spherical and nonagglomerated morphology of BTO particles. Figure 2 shows the x-ray diffraction ͑XRD͒ patterns of BTO powders treated at 120°C for 3, 5, and 12 h. Results indicate that all BTO powders are of pseudocubic perovskite structure. The peaks become sharper with increasing the duration time, but the peak positions are almost the same for three duration times. This means that the lattice constant of the BTO particles does not change with the duration time. The particle sizes D were calculated, according to Scherrer's equation, to be 80, 90, and 110 nm for the duration times of 3, 5, and 12 h, respectively. Figure 3 illustrates the PL spectra, measured at 11 K, of BTO powders treated at 120°C for different durations. The PL spectrum of sample BTO-01 has a full width at half maximum ͑FWHM͒ of 0.49 eV, which was obtained by fitting the peak with a Gaussian distribution. Similarly, the PL peaks of samples BTO-02 and BTO-03 have the FWHMs of 0.43 and 0.41 eV, respectively. It was found that the PL peaks have a small shift ͑from 2.31 to 2.27 and 2.25 eV͒ with the variation of particle size ͑from 80 to 90 and 110 nm͒. The PL peak energy as a function of reciprocal of the square of the crystallite radius is shown in the inset ͑I͒. Since the energy band gap of bulk BTO is 2.9-3.4 eV, the luminescence states are obviously located within the energy band gap. It is known that quantum size effect could shift the PL position in terms of either the band-to-band recombination or the recombination of electrons in the surface states with the holes in the valence band. 17 As observed in ͑SrBa͒Nb 2 O 6 /silica nanocomposites, 18 ferroelectric nanoparticles ͑about 10 nm͒ also revealed the characteristics of quantum confinement. However, the BTO powders have particle sizes ranging from 80 to 110 nm, if there is any quantum size effect, it will be very weak. Because the lattice constants of three BTO powders are almost the same ͑see Fig. 1͒ , it means that it is the surface states, resulted from the distorted crystalline structure, that determine the PL properties. Recently, Orhan et al. 19 investigated the room-temperature PL of BaTiO 3 powders based on experimental and theoretical study. They observed that only the structurally disordered samples exhibit the PL properties at room temperature. The firstprinciple calculation indicated that the crystalline BTO presents a higher band gap than the disordered BTO, and charge transfer occurs from ͓TiO 5 ͔ cluster to the ͓TiO 6 ͔ one, revealing the intrinsic presence of trapped holes and electrons, and Jahn-Teller bipolarons, in the disordered BTO powders. Although the particles of BTO powders obtained by hydrothermal treatment are crystalline, the surface of the particles is distorted, even disordered. The PL, however, mainly reflects the surface properties. Therefore, the surface states play a critical role in determining the PL characteristics. Because all the surface states in three BTO powders are distorted lattice or defects, the distortions or defects are random; therefore, the PL peak occurs at a similar wavelength. Nevertheless, the PL is the recombination of STE and the recombination between the electrons in the surface states and the holes in the valence band; the particle size has an impact on the PL peak position since it affects the valence band energy or energy band gap. Moreover, dielectric confinement effects will simultaneously act on the ultrafine BTO powders in terms of the self-trapped excitons.
B. Photoluminescence spectrum
20
C. Time-resolved PL spectrum
The decay curves of PL of three BTO powders are sketched in Fig. 4 . The curves can be fitted by the following formula;
where I is the PL intensity and A i and i are the preexponential factor and the time constant of the ith lifetime. Their integrated intensities at the peak can be written as
where P is the integrated PL intensity and A i i is the intensity coefficient of the ith lifetime. Table I summarizes the values of i , A i , and A i i for three BTO powders. In the table, A i and A i i are normalized such that I͑0͒ = 1 and P͑t͒ = 1. During the fitting, using two exponentials seemed to be sufficient to fit the data. This means that there are two decay processes taking place in the PL transition here, one is short, about 10 ns, and the other is longer, about 200 ns. For the peak intensity, about 90% is associated with the short lifetime component. This feature is consistent with that of STE in alkali halides where big differences are also demonstrated. Here, firstly, the longer lifetimes are smaller than those in the alkali halides by three orders of magnitude; secondly, for the A i i coefficient, the short lifetime component at 11 K increases from 31.10% for BTO-01 to 50.47% and 50.73% for BTO-02 and BTO-03, respectively. This means that the short lifetime component makes almost the same contribution to the emission intensity as the long lifetime one. With increasing particle size, the contribution of short lifetime component to the emission intensity increases, correspondingly the contribution of long lifetime component decreases. This is different from the STE in alkali halides where the long lifetime component is dominant. The distinction may be attributed to the influence of the size effect. We may assume that the long lifetime emission comes from STEs which are composed of bound excitons, the recombination of electrons in the surface states to the holes in valence band, while the short lifetime emission comes from the electrons in the lower energy surface states recombining with the holes in the valence band. In both cases, the decrease of particle size may result in the blueshift of emission peak. The temperature dependence of the PL reveals that STEs in the BTO ultrafine powders are related to the bound excitons which are formed by vacancies or lattice distortion, 10 indicated by the fact that the excitons mainly behave at low temperature but quench at about 150 K. As temperature rises to room temperature, the bound excitons will convert into free excitons, then the population of the bound excitons will be very small, so the recombination rate is also very low; thus the PL intensity becomes rather weak. Inset ͑II͒ of Fig. 3 is the PL versus temperature for sample ͑a͒ ͑80 nm, treated at 120°C for 3 h͒. Other samples exhibited similar results. The fact that perovskite structure containing titanium-oxygen octahedra shows similar photoluminescence at visible wavelength suggests that PL is mainly related to the oxygen octahedron. The distortion of the oxygen octahedron on the surface of the ultrafine powder may lead to the enhancement of the PL intensity due to the decrease of Ti-O distance. 22 Therefore the recombination of self-trapped exciton and of electrons in the surface states with holes in the valence band in the ultrafine powders may exhibit a higher PL intensity and a higher quench temperature, ͑even at room temperature 8, 9 ͒ when the particle size further decreases. As mentioned in Sec. I, the phenomenon has been observed by other authors. [7] [8] [9] 
IV. CONCLUSIONS
Ultrafine barium titanate powders were prepared by a hydrothermal process. Time-resolved photoluminescence experiment was conducted. Results indicated that the PL peaks reveal blueshift characteristics with decreasing BTO particle size. The decay curves of PL have similar characteristics as those obtained in alkali halides. The short lifetime PL component makes comparable contribution to the decay intensity of PL with long lifetime component, and this contribution decreases with the decreasing particle size.
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